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The nuclear envelope in higher plant mitosis and meiosis
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ABSTRACT
Mitosis and meiosis in higher plants involve significant reconfiguration of the nuclear envelope
and the proteins that interact with it. The dynamic series of events involves a range of interac-
tions, movement, breakdown, and reformation of this complex system. Recently, progress has
been made in identifying and characterizing the protein and membrane interactome that per-
forms these complex tasks, including constituents of the nuclear envelope, the cytoskeleton,
nucleoskeleton, and chromatin. This review will present the current understanding of these
interactions and advances in knowledge of the processes for the breakdown and reformation of
the nuclear envelope during cell divisions in plants.
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Introduction
Higher plants undergo an open cell division in
which the nuclear envelope (NE) breaks down to
allow the mitotic spindle to connect with the chro-
mosomes, exposing the genetic material to the
cytoplasm. In common with animal cells, this
means that completion of a successful cell division
requires the breakdown and reformation of the
nuclear envelope. Timing and positioning are cru-
cial – and the proteins of nucleoplasm and cyto-
plasm which interact with the envelope are central
to its completion. This review will focus on the
current state of knowledge of these proteins, which
are significantly different from those of animals,
and their interactions during the processes of
mitosis and meiosis, where relevant comparing
them to those of other higher organisms.
The linker of nucleoskeleton and cytoskeleton
(LINC) complex is central to protein interaction at
the NE and greatest progress has been made in
understanding this structure (reviewed by [1]. The
LINC complex comprises SAD/UNC homology
(SUN) domain proteins in the inner NE that
bind with Klarsich Anc Syne Homology (KASH)
domain proteins in the outer NE. Associated with
these are proteins that connect with the nucleos-
keleton and chromatin through interaction with
the SUN domain proteins and with the cytoskele-
ton through connection with KASH domain pro-
teins. The γ-tubulin complex (γ-TUC) also plays
an important role in connecting the NE to the
cytoskeleton [2], while the nuclear pore complexes
(NPCs) interact with the nucleoskeleton as well as
being anchored in the NE [3].
The plant LINC complex
The higher plant LINC complex has recently been
extensively reviewed [1,4] and therefore a brief sum-
mary will be presented here. Arabidopsis thaliana
contains two SUN domain proteins in which the
domain is C-terminal (C-SUNs) allowing SUN
domain:KASH domain interaction, and three mid-
SUNs (inmost species [5]; in which the SUN domain
is at a central position). All appear to be functional
within the plant LINC complex, though mid-SUNs
are also ER localized [1]. There is some evidence
from expression patterns that some members of the
SUN domain family, the mid SUNs AtSUN53 and
ZmSUN3, might have specialized functions in meio-
sis [6,7] in addition to the C-ter SUNs which have
a role in telomere anchorage [8].
In common with other multicellular organisms,
while SUN domain proteins are structurally similar,
much greater diversity is shown in the KASH
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domain proteins of the Outer NM (ONM); in ani-
mal systems, this provides for a diversity of interac-
tion with different elements of the cytoskeleton [9]
linked to the range of functions of the system.
Identification of plant KASH proteins began with
WIPs (for WPP domain interacting proteins) that
were first described anchoring the Ran GTPase acti-
vating protein (RanGAP) to the NE [10], a function
performed in non-plant systems by SUMOylation
anchorage to the NPC [1]. WIPs (and the other
plant KASHs) have a classical KASH structure in
that they have a cytoplasmic coiled-coil domain,
a transmembrane domain, and a short SUN-
domain interacting sequence, in this case, the three
amino acids VPT [1,10,11].
The entire complex required to anchor RanGAP
has been shown to involve SUN and two WIPs
(WIP1 and WIP2), two further proteins, the WPP
domain-interacting tail-anchored proteins, WIT1
and WIT2 and may include further WPP proteins
[10,12]. The next major group of plant KASH
domain proteins described is termed SINEs (for
SUN-interacting NE proteins). All five members of
the family have VPT as the C-terminal sequence in
common with the WIPs [13]. SINE 1 and 2 have
cytoplasmic domains resembling armadillo
repeats, while SINEs 3–5 have short, unique cyto-
plasmic domains [5]. Finally, an additional KASH
domain protein, Toll Interleukin Receptor domain
KASH protein, AtTIK, which appears to be unique
to Arabidopsis, has been described during studies
on interaction with the mid-SUN proteins [6,14].
AtTIK has a KASH domain more similar to non-
plant systems with a characteristic PPPS motif as
the final four amino acids [14]. A detailed phylo-
genetic analysis [5] suggests that all currently iden-
tified plant KASH proteins fall into the three
groupings: SINEs, WIPs, and TIK and that
a minimal plant LINC complex would comprise
two mid-SUNs, one C-ter SUN, one SINE, and
one WIP [5,13]. Recently, Gumber et al. [15],
have provided a detailed description of LINC com-
ponents in Zea mays L. including two additional
KASH genes, MLKG1 and MLKG2 specific to
grasses.
The higher plant nuclear lamina
One key area of difference between animal and
higher plant nuclei is in the structure of the
nuclear lamina, classically described in animal
cells as a layer of filamentous material made up
of type V intermediate filaments, known as lamins
[16]. These are multifunctional and bind to SUN
domain proteins [17]. They play a key role in the
onset of NE breakdown (NEBD) in cell division
[18–20] where the release of the lamina from the
envelope is a key event. Lamin homologues are not
represented in the plant genome, though electron
microscopy reveals a meshwork of fibers, initially
called plamina, underlying and connected to the
NE and interconnecting with the NPCs [3,21]. It is
now widely accepted that the CRWN (for
CRoWded Nucleus) family proteins [22] are
major constituents of this meshwork and the
main candidates to assume the functions of the
lamins in plants since they are essential for main-
taining nuclear size and shape [23–25]. They were
first described as Nuclear Matrix Constituent
Proteins, NMCP, in pioneering work in Masuda’s
laboratory in carrots and Allium [26,27], and later
in Arabidopsis they were first termed LINC for
Little Nuclei [25], and then, to avoid confusion
with the LINC complex described in the previous
section, renamed CRWN because of the high
nuclear DNA density displayed by the correspond-
ing mutants [1,22]. Members of the family were
present in a study by Sakamoto and Tagaki [28], in
which mass spectrometry was used to identify
more than 600 putative lamina components.
CRWNs have a long central coiled coil domain; in
Arabidopsis. CRWN1 and CRWN4 were mainly
localized to the nuclear periphery, whereas CRWN2
was in the nucleoplasm and CRWN3 was detected in
both regions [25,28]. Interaction of CRWNs with the
C-ter SUNs, SUN1 and SUN2 has been demon-
strated [29]. In common with animal lamins, where
mutants show small, deformed nuclei, crwn1 and
crwn4 mutants have small and spherical nuclei
[22,28] a property not seen for crwn2 or crwn3.
Plants with a crwn1 mutation combined with
crwn2, crwn3, or crwn4 have even smaller nuclei [22].
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Other NE components involved in cell
division
Recently other proteins have been identified which
may provide additional linkages between the NE and
chromatin in higher plants. The Nuclear Envelope
Associated Protein (NEAP) family is conserved in
angiosperms and gymnosperms [5] and has four
members in Arabidopsis thaliana, one of which
(AtNEAP4) appears to be a pseudogene [14]. NEAP
structure consists of extensive coiled-coil domains,
followed by a nuclear localization signal and
a transmembrane domain predicted near the
C-terminus. NEAPs interact with themselves and
with both C-ter and mid-SUNs, while overexpression
causes relocation of CRWN1 from the nuclear per-
iphery to the nucleoplasm. NEAP interaction with
a basic leucine zipper transcription factor AtbZIP18
has been observed [14].
A further putative component of the plant lamina
is KAKU4, discovered in a mutant screen, where the
mutants have smaller and more spherical nuclei.
Overexpression results in NE overgrowth; the effect
is more extreme when KAKU4 and CRWN1 are co-
expressed [30]. Its role in the lamina has yet to be
fully explored. Analysis suggests that the minimal
functional angiosperm nucleoskeleton comprises
one CRWN and one NEAP; KAKU4 is absent from
some monocots and the primitive basal angiosperm
Amborella trichopoda [5].
The higher plant cytoskeleton: evidence for
NE linkage
Interactions of the NE with the cytoskeleton are
also of great importance during cell division,
where the position of the nucleus as well as the
breakdown and reformation of the NE are
required in addition to the anchorage of chroma-
tin and nucleoplasmic components. The KASH
domain proteins described above interact with ele-
ments of the cytoskeleton. A mutant screen [31]
revealed KAKU1, mysosin XI-i, one of the plant-
specific myosin XI family, is associated with the
NE. kaku1 mutants have spherical nuclei. This
protein binds to WIT1 and WIT2 and is believed
to connect the plant LINC complex components
WIP1/2/3 to the actin cytoskeleton [12]. As men-
tioned above, SINE1 directly interacts with actin
via its ARM domain. These nucleus–actin interac-
tions are essential in anchoring and moving the
nucleus in various developmental processes
[32,33].
Perhaps best described of the ONM compo-
nents are the proteins of the γ-Tubulin complex.
These take the place of centrosomes, which are
absent in plants, provide anchorage points for
microtubules (MTs) and are recruited to the NE
as components of the mitotic spindle [34]. The
complex comprises core subunits which bind to α-
helical GCP-associated proteins. Mutation of
GCP3-interacting protein 1 (GIP1) and GIP2,
which bind to the core γ-tubulin complex protein
3 (GCP3), results in enlarged deformed nuclei and
increased ploidy with redistribution of AtSUN1 in
the INE and failure to form a functional mitotic
spindle [2,35].
The plant cell division cycle differs from that
in other organisms with an open mitosis
The plant cell division cycle shows many features
in common with other organisms; however, the
presence of a cell wall and occurrence of endore-
duplication (in which genome duplication occurs
without division) means plant mechanisms are
required to ensure the correct localization of the
plane of division as well as its timing and conclu-
sion. The presence of the cell wall prevents the
mitotic swelling common in animal cells and in
place of an actin-myosin driven constriction of the
plasma membrane in cytokinesis, plant cells grow
new plasma membranes and cell wall in
a centripetal fashion to join the existing cell wall
at a closely regulated location [36,37].
Higher plants also show interesting nuances in the
use of the Ran system in cell division. Ran is
a ubiquitous signal for the presence of chromatin
(see [38] for a review) with high levels of RanGTP in
the nucleoplasm and of RanGDP in the cytoplasm.
The Ran guanine nucleotide exchange factor,
RanGEF RCC1 remains active in mitosis and the
RanGTP generated and associated with chromatin
provides a spatial signal for the location of the mito-
tic spindle and reassembly of the NE [38]. RanGTP
activating protein 1 (RanGAP1) is associated with
the nucleoporin NUP358 (Ran-binding protein 2)
through a SUMOylation mechanism throughout
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mitosis [39]. In higher plants, no equivalent of the
SUMOylation/Nup binding mechanism appears to
exist as RanGAP binding to the NE has been shown
to involve SUN andKASH proteins (WIPs) as well as
WPP domain-interacting tail-anchored proteins,
WITs (see [40] and above). Plant RanGAP is
involved in localizing the plane of division [41] and
is a component of the membrane structure which
forms the new dividing cell wall [42]. Thus, a role for
components of the LINC complex in associating this
key marker of chromatin in plants may be suggested.
Many of the other protein constituents of the NE
involved in linking the NE and nucleoskeleton are
not present in plants [1,4,43]. The lamin B receptor
which is an inner NE membrane-intrinsic protein
that binds to B-type lamins is absent as are proteins
of the LEM domain family (LAP2, Emerin, Man1)
that bind to chromatin through association with
Barrier to Autointegration Factor (BAF). Breakage
of these associations is by a phosphorylation
mechanism; that between chromatin and LEM is
the result of the action of protein kinase VRK1 (see
[44]). It is likely, however, that the same underlying
mechanism of phosphorylation to initiate mem-
brane breakdown occurs in plants, and further
research is needed to identify the protein interactors
involved.
From initiation of division to nuclear
envelope breakdown
Overall control of division, in common with other
organisms, lies in the control of the G1-S-G2-M cycle.
Key regulators are conserved with cyclin-dependent
kinases (CDKs) having a primary control of cycle
progression [45]. Plant CDKA is closely related to
CDK1 in animals and to Cdc28 in Saccharomyces
cerevisiae and Cdc2 in Schizosaccharomyces pombe
and is expressed throughout the cycle. A second
type of CDK, designated CDKB1 and CDKB2 are
unique to plants [46,47] and active from
S to M phase [48]. It is likely this unique plant feature
controls whether the cell divides or enters reduplica-
tion without division; the presence of CDKB2 initiates
cytokinesis, while in its absence endoreduplication
takes place.
Phosphorylation of a plant homolog of the
mammalian retinoblastoma protein initiates pro-
gression from G1 to S due to negative regulation of
the E2F transcription factor family [49]. This is
before DNA synthesis occurs. In S phase, the NE
enlarges and the NPCs are replicated. These newly
formed NPCs are inserted into the NE before
NEBD. In yeast, three transmembrane proteins
(Pom34, Pom152, and Ndc1) assemble first at the
pore, followed by Nups59/53 and Nup170 [47,50].
While the assembly of the protein constituents of
the pore has not been studied in plants, EM
images of tobacco BY-2 cells revealing the devel-
opment of the structure of NPCs show striking
similarity to that in Xenopus [3]. Description of
the process of NPC formation in plants is an
important area for further exploration.
In M-phase, a unique plant structure, the pre-
prophase band (PPB) made up of microtubules
and F-actin, is formed as a ring predicting the
plane of cell division [41]. This is in contrast to
the actomyosin cortex surrounding the cytoplasm
in dividing animal cells (see [51], for a review). In
turn, its location has been preceded by a ring of
RanGAP [41] at the plasma membrane.
Microtubules, which in interphase had been sur-
rounding the nuclear surface and radiating out to
the cell cortex [52,53] based on the NE as
a MTOC [54] and attached by the γ - tubulin
complex [2], come together to form the PPB.
Subsequently, the bipolar spindle is formed invol-
ving the formation of polar caps of MTs and
associated with the γ-tubulin complex (see
above). In Arabidopsis, the correct location of
the spindle and phragmoplast microtubules dur-
ing cell division involves GCP2, GCP4, and GCP-
WD [55–58].
Nuclear envelope breakdown (NEBD) is key to
open mitosis and involves the removal and relocation
of the structures and components of the NE. NEBD in
plants occurs earlier than in animals in late prophase
[59]. The events resulting in NEBD are well described
in animal systems (see [51] for a review). Briefly, rapid
disintegration of the NPCs, with hyperphosphoryla-
tion of NUP98 results in permeabilization of the pore
followed by the release of other pore components.
Kinases influx during prophase, the NE dissociates
from the lamins and chromatin resulting in the release
of A-type lamins into the cytoplasm, while B-type
lamins migrate to the endoplasmic reticulum. The
LINC complex is directly involved in the dissociation
of the NE from chromatin. SUN1 is phosphorylated
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on two sites by Cdk1 (serine 48 and 333) while Plk1
phosphorylates serine 138. SUN1 then loses interac-
tion with partners binding to its N-terminal domain
including the lamins, Emerin, and short nesprins.
Thus, mitotic phosphorylation of SUN1 releases
nucleoplasmic binding partners and permits disas-
sembly of the lamina [60]. The interaction of the
ONE with the cytoskeleton by the LINC complex
has a second role, as the NE is disrupted by dynein-
driven microtubule forces which act on the NE in the
vicinity of centrosomes. Nuclear pore-based attach-
ments to the cytoskeleton through RanBP2 and NUP
133 are also important in this process, with dynein
driving tearing in pro-metaphase through LINC com-
plex attachments (see [51]). The result of this is the
migration of NE to join the pool of ER and exclusion
of ER from mitotic chromatin. The ER is then
enriched around the spindle poles, possibly forming
a cap, either as sheets or tubules, the proportion
varying within and between cell types [51], while
NPCs migrate into stable subcomplexes and are not
present as individual polypeptides [61,62]; some being
degraded in a proteasome-dependent manner, per-
haps to regulate pore numbers.
In higher plants, some similar events have been
described (Figure 1). The pore basket component,
NUA, relocates to the spindle in prometaphase
[63]. Tobacco Rae1 co-localises with the prepro-
phase band, mitotic spindle, and phragmoplast
(newly forming cell plate) while deletion or down-
regulation of Rae1 results in a deformed spindle
and mis-aligned chromatin [64]. Less is known
about the behavior of the plant lamina compo-
nents, though CRWN1 and CRWN2 disassemble
after the onset of mitosis. Kimura et al. [65]
showed that NMCP1 (CRWN1 family) migrates
to the spindle and NMCP2 (CRWN4 family) to
the cytoplasm in Apium graveolens. Association of
the plant ONM with the cytoskeleton and a role in
NEBD is suggested as NE tearing occurs where the
nucleus is adjacent to the PPB and before the PPB
breaks down [43,66-68].
Fluorescently labeled plant C-terminal SUN
proteins AtSUN1 and AtSUN2 have been used by
two laboratories to follow AtSUN1 and AtSUN2 in
synchronized tobacco BY-2 cells [42,69]. From
a uniform interphase NE distribution, AtSUN1-
YFP and AtSUN2-YFP fluorescence decreases
and then increases in intensity at the likely the
sites of spindle pole formation and in the ER
[42]. The NE can then be observed through the
fluorescent labeling of AtSUN1 YFP. As NEBD
begins in prometaphase, the NE is penetrated by
spindle microtubules and then fragments [69]. By
metaphase, NE is no longer visible and AtSUN1
locates to ER membranes around the spindle but
not to obvious structures, such as spindle pole
bodies (as described in [70]). Membranes contain-
ing AtSUN1-YFP appear as tubule-like structures
with fluorescence around condensing chromatin;
fluorescence was observed in anaphase surround-
ing segregated chromosomes [70]. Later, as the
sister chromatids separate and migrate to the spin-
dle poles, both AtSUN1-YFP and AtSUN2-YFP
locate with decondensing chromatin facing the
spindle poles, with some in tubule-like structures
traversing the plane of division [42].The nucleo-
porin NUP88 (MOS7) is located at the NE in
interphase in Arabidopsis and migrates to the spin-
dle. It binds Rae1 and NUP98 (DRACULA). A
mos7 mutant shows failed spindle formation,
defective cell-plate, and phragmoplast; as well as
abortion of ovule and pollen [71,72].
Reforming the nuclear envelope
In animal cells, the reformation of the NE begins with
the surface of chromatin acting to recruit FG-rich
nucleoporins (see [73] for a detailed review). The
process involves a nucleosome template rich in DNA-
histone. The Ran guanine exchange factor RCC1
causes an accumulation of RanGTP on the surface
which likely results in attraction of cargo for the grow-
ing NE. In a reverse of the processes of nuclear envel-
ope breakdown, histone is dephosphorylated by
phosphatases and BAF is dephosphorylated allowing
reassociation with LEM domain proteins. ER mem-
brane containing NE proteins is therefore attracted to
the surface of chromatin by the NE proteins within it,
and the new daughter NE begins to form. During
anaphase, as theNEbegins to formaround chromatin,
NPCs begin to form with NUP133 and NUP153 first
recruiting additional NPC components. Pre-
assembled NPCs may also join the growing NE
through the recruitment of membrane sheets to the
growing NE [74].
Growth of the new NE is spatially regulated.
Chromatin forms a disc-like structure perpendicular
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to the plane of division and can be divided into
a peripheral ‘non core’, surrounding an inner core
facing the division plane and an outer core facing
away from it [73]. LBR, B-type lamins and SUN1
locate to the non-core outer region, where rapid
NPC assembly also occurs, while LEM domain pro-
teins, SUN2, and A-type lamins locate to the core
regions. The envelope is then closed by membrane
Figure 1. Subcellular localization of SUN domain proteins in synchronized, dividing BY-2 cells. Stable transformed BY-2 cells co-
expressing either AtSUN1-YFP (green) and chromatin marker histone H2B-CFP (magenta) or AtSUN2-YFP (green) and H2B-CFP. The
cells were synchronized using aphidicolin and living cells imaged by confocal microscopy. The two SUN proteins are present in the
NE around chromatin in interphase and prophase. Upon NEBD, they distribute to mitotic ER and spindle membranes including
tubules traversing the division zone. As the sister chromatids are separated, AtSUN1-YFP and AtSUN2-YFP accumulate in the
reforming NE around chromatin first facing the spindle pole and finally proximal to the cell plate, to which they also localize. Scale
bar = 10 μm. This figure was originally published in Graumann and Evans [42].
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remodeling proteins which include a microtubule
severing factor, spastin. Once the membrane is
closed, additional NPCs form in the core region [75]
While evidence in plants is limited, two studies
have shown that plant NE re-formation is spatially
organized. The C-ter SUNs, AtSUN1, and AtSUN2
are first located to the surface of chromatin facing
the spindle pole (i.e the outer core), then at the
peripheral ‘non core’ and finally facing the cell
plate (the division plane in plants) and therefore
the inner core [42,69]. This organization was also
observed for CRWN members NMCP1 and
NMCP2 in Apium graveolens (celery). NMCP1
was first located on the chromatin surface facing
the spindle (inner core) in late anaphase and then
completely surrounded the chromatin at telophase
[26]. Protein mobility assays showed that AtSUN2
remained strongly anchored to membranes
throughout interphase and mitosis [42].
In contrast to animal cells, the dividing cells
form a new cell wall to complete their separa-
tion. The presence of the wall prevents the swel-
ling that occurs in animal cell division and the
plane of the division has to be coordinated as
the wall makes later correction impossible. As
a result, large amounts of the membrane are
involved not only in creating the two plasma
membranes, but also in vesicle traffic to provide
materials for the new wall. The initial structure,
termed the cell plate, forms by centripetal
expansion, growing outwards to meet the plasma
membrane at the point initially predicted by the
location of RanGAP and later by the pre-
prophase band of microtubules. The cell plate
and phragmoplast – the developing wall and
membranes associated with it – contains
AtSUN1 and AtSUN2 as well as the nuclear
pore component Rae1, Ran, RanGAP, WITs,
and WIPs [13,76,77]. The function (if any) of
these is unknown; it may be simply a result of
the very large activity of membrane growth and
recovery taking place as the cell wall forms.
However, a SUN2-YFP construct has
a significant immobile fraction at the cell plate,
suggesting that binding interactions are taking
place [42] and mutants deficient for NUP88
(MOS7), a nucleoporin which binds Rae1 and
NUP98, show disruption of the cell-plate and
phragmoplast [71,72].
Nuclear envelope proteins in meiosis
Interaction of chromosomes with the NE is essen-
tial during meiosis, the specialized cell division
required for sexual reproduction. Meiosis involves
a single S phase followed by two rounds of cell
division that results in a halving of the chromosome
number. The first meiotic stage, prophase I, is
a relatively long period during which each chromo-
some must find its homologous partner within the
nucleus, a process that involves large-scale chromo-
some movements, especially in organisms with
large and complex genomes. These movements are
driven by cytoplasmic forces, transmitted to chro-
mosome ends by NE-associated proteins.
In interphase cells from big plant genomes (with
C values above 4,000 Mbp, e.g. wheat, rye, barley,
and oats) telomeres and centromeres cluster at oppo-
site sides of the nucleus, facing previous division
plane between the daughter cells. This is known as
the Rabl organization (Rabl, 1885). This chromo-
some organization, however, is not present in plant
genomes under 1,000 Mbp (e.g. sorghum, rice,
Arabidopsis). In the specific case of Arabidopsis,
there is a persistent telomere clustering at the
nucleolus and no clustering of centromeres [78,79].
At the onset of meiosis, these configurations are lost,
and during meiotic prophase (until pachynema) the
telomeres are tightly clustered in the bouquet, in
which chromosome ends are attached to the nuclear
periphery [80–83]. Rabl organization involves the
centromeres and the telomeres, whereas the bouquet
seems to rely solely on the telomeres [84]. However,
the size of the genome is not be the only factor
determining the presence of Rabl conformation.
Other plant species, such as maize (2,300 Mbp),
despite presenting a large genome, are not known
to exhibit Rabl organization at all [85].
Pairing and synapsis are fundamental processes
unique to meiotic chromosome dynamics. Pairing
is mediated by recombinational interactions taking
place in the context of chromosome structural axes
and requires homology, whereas synapsis corre-
sponds to installation of the synaptonemal complex
(SC) between the chromosome axes, all along their
lengths, and does not require homology [86]. The
telomere bouquet precedes both pairing and synap-
sis and may facilitate these processes by positioning
the subtelomeric regions of homologous
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chromosomes in close proximity and coalignment,
through apparently both homology-dependent and
homology-independent interactions [81,83]. In this
context, SUN proteins have provided functional
insight into telomere NE attachment during early
meiotic prophase I. In mammals, SUN domain
proteins interact with KASH5, a protein essential
for bouquet formation, attached in turn to the
microtubule dynein-dynactin complex in the cyto-
plasm [87,88]. Plant chromosome attachment to the
NE also involves association with cytoskeletal ele-
ments tubulin and actin [89]. In common with
animals, plant C-ter SUNs are involved in anchor-
ing [7,8]. Varas et al. [8] were able to show that
AtSUN1 and AtSUN2 localize to the NE in pollen
mother cells (PMCs) in prophase I, in a pattern
resembling telomere location (Figure 2) [90].
AtSUN2 was connected to the NE by a thread
that resembled meiotic structures in yeast [90]. In
an Atsun1 Atsun2 double mutant the normally
polarized location of telomeres to the NE in
leptonema does not take place, prophase I is
delayed, with incomplete synapsis and unresolved
interlocks, there are univalents at metaphase I and
missegregations at anaphase I that lead to the for-
mation of aneuploid gametes [8]. Further evidence
for a role for SUNs in telomere attachment in
plants comes from maize, where ZmSUN2 forms
a belt surrounding the meiotic cytoplasm that
becomes a half-belt associated with the zygotene
bouquet telomere structure [7] and meiotic mutants
exhibit disruption of this belt. This strongly sug-
gests that plant meiosis involves SUN domain telo-
mere anchorage to the NE. A role for mid SUNs is
also suggested in plants. In maize, ZmSUN3 has
been proposed to play a role in meiotic divisions
due to high levels of expression in pollen [91].
AtSUN5 is also expressed in pollen, although its
meiotic function has not yet been demonstrated [6].
The LINC complex function in the attachment
and repositioning of meiotic telomeres within the
NE is widely conserved [92]. However, the possible
Figure 2. Chromosome dynamics during early prophase I. At leptonema, telomeres are attached to the nuclear periphery while
homologous chromosomes align (pairing). At zygonema, the synaptonemal complex (SC) is assembled (synapsis). At this stage, the
telomeres cluster in a limited region and form the bouquet. This configuration persists until pachynema when synapsis is complete.
LINC complexes formed by SUN and KASH proteins are responsible for the attachment of telomeres to the NE and contribute to
chromosome movements that facilitate homology searching and interlock resolution (arrow). In the middle of the figure, there is
a zygotene meiocyte in which ASY1 (an axial element-associated protein, green) and SUN1 (red) are detected. The nucleolus appears
to the right of the cell.
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involvement of other NE-associated proteins in
coordinating the telomere-led chromosomal
movements required to bring together the right
chromosome pairs and to avoid wrong partners
during prophase I remains obscure. Significant
signs of progress in this issue are required to
identify meiosis-specific factors and/or modifica-
tions involved in chromosome dynamics. For
example, in C. elegans meiosis-specific phosphor-
ylation of SUN-1 is essential for the efficient
movement of meiotic telomeres [93,94], and the
subsequent dephosphorylation is needed for
further meiotic progression after pachytene [95].
In plants, the molecular mechanisms involved in
the regulation of meiotic LINC complex function
may be different. Furthermore, how telomeres are
connected to the LINC complexes during plant
meiosis is entirely unclear, because meiosis-
specific adaptor proteins or factors that interact
with SUN proteins in a meiosis-dependent manner
have not been further identified [96]. In addition,
many of the essential proteins involved in telomere
organization do not have orthologous genes in the
plant kingdom. On the other hand, it is still
unknown whether CRWN proteins play a role in
the association between telomeres and SUN pro-
teins. Therefore, especially in plant meiosis, many
questions regarding meiotic telomere attachment
and movement still remain to be answered.
Conclusion
Mitosis and meiosis in plants and animals achieve
the same end results but show significant differences
in mechanism and occur with different constraints
and using different proteomes. The presence of the
cell wall and the need to grow a new dividing wall to
separate daughter cells require additional features.
The LINC complex appears to have wider-ranging
functions, especially in the localization of the
RanGAP and the maintenance of the RanGTP con-
centrations needed to signal the location of chroma-
tin and drive aspects of NE assembly.
It is evident that considerable further exploration
of the plant system is needed to fully understand the
processes of cell division, including the cell cycle
control of the division, the breakdown and reforma-
tion of the NE, and the complex chromosomemove-
ments during meiosis. However, the identification of
key component proteins, development and analysis
of mutants and the use of live cell imaging have
permitted significant progress and have high pro-
mise for future studies. What is clear from these
studies is that although the composition of the NE
across kingdoms is surprisingly diverse, the role of
LINC complexes in plant cell division appears very
similar to that observed in animals.
Acknowledgments
DE and KG wish to acknowledge the support of the
Leverhulme Trust and Oxford Brookes University for their
original work described in this review. MP acknowledges the
support of the Ministry of Economy and Competitiveness of
Spain (AGL2015-67349-P) and of the European Union
(Marie Curie ITN, COMREC 606956 and MEICOM
765212). All the authors are part of the International Plant
Nucleus Consortium (IPNC, https://radar.brookes.ac.uk) and
COST Action n° CA 16212 ‘In Depth’ http://www.cost.eu/
COST_Actions/ca/CA16212
Disclosure statement
No potential conflict of interest was reported by the authors.
Funding
This work was supported by the Horizon 2020 Programme
(Marie-Curie ITN MEICOM network FP7 [ITN-765212];
Spanish Ministry of Economy and Competitiveness
[AGL2015-67349-P]; European Cooperation in Science and
Technology (COST) Action [CA 16212 Impact of Nuclear
Domains On Gene Expression and Plant Traits].
ORCID
Monica Pradillo http://orcid.org/0000-0001-6625-6015
David Evans http://orcid.org/0000-0001-6248-1899
Katja Graumann http://orcid.org/0000-0002-1529-8255
References
[1] Meier I, Richards EJ, Evans DE. Cell biology of the
plant nucleus. In: Merchant SS, editor. Annual review
of plant biology, vol. 68. Palo Alto (CA): Annual
Reviews Inc.; 2017. p. 139–172.
[2] Batzenschlager M, Masoud K, Janski N, et al. The GIP
gamma-tubulin complex-associated proteins are
involved in nuclear architecture in Arabidopsis
thaliana. Front Plant Sci. 2013;4:480.
NUCLEUS 63
[3] Fiserova J, Kiseleva E, Goldberg MW. Nuclear envelope
and nuclear pore complex structure and organisation
in tobacco BY-2 cells. Plant J. 2009;59:243–255.
[4] Evans DE, Graumann K. The linker of nucleoskeleton
and cytoskeleton complex in higher plants. Annu Plant
Rev Online. 2018;1:1–17.
[5] Poulet A, Probst AV, Graumann K, et al. Exploring the
evolution of the proteins of the plant nuclear envelope.
Nucleus. 2017;8:46–59.
[6] Graumann K, Vanrobays E, Tutois S, et al.
Characterization of two distinct subfamilies of
SUN-domain proteins in Arabidopsis and their inter-
actions with the novel KASH-domain protein AtTIK.
J Exp Bot. 2014;65:6499–6512.
[7] Murphy SP, Gumber HK,Mao Y, et al. A dynamicmeiotic
SUN belt includes the zygotene-stage telomere bouquet
and is disrupted in chromosome segregation mutants of
maize (Zea mays L.). Front Plant Sci. 2014;5:314.
[8] Varas J, Graumann K, Osman K, et al. Absence of
SUN1 and SUN2 proteins in Arabidopsis thaliana
leads to a delay in meiotic progression and defects in
synapsis and recombination. Plant J. 2015;81:329–346.
[9] Rothballer A, Kutay U. The diverse functional LINCs
of the nuclear envelope to the cytoskeleton and
chromatin. Chromosoma. 2013;122:415–429.
[10] Zhou X, Graumann K, Evans DE, et al. Novel plant
KASH-SUN bridges are involved in RanGAP anchor-
ing and nuclear shape determination. J Cell Biol.
2012;196:203–211.
[11] Zhou X, Meier I. How plants LINC the SUN to KASH.
Nucleus. 2013;4:206–215.
[12] Zhou X, Groves NR, Meier I. Plant nuclear shape is inde-
pendently determined by the SUN-WIP-WIT2-myosin
XI-i complex and CRWN1. Nucleus. 2015;6:144–153.
[13] Zhou X, Graumann K, Wirthmueller L, et al.
Identification of unique SUN-interacting nuclear
envelope proteins with diverse functions in plants.
J Cell Biol. 2014;205:677–692.
[14] Pawar V, Poulet A, Detourne G, et al. A novel family of
plant nuclear envelope-associated proteins. J Exp Bot.
2016;67:5699–5710.
[15] Gumber HK, Mckenna J, Estrada AL, et al.
Identification and characterization of genes encoding
the nuclear envelope LINC complex in the monocot
species Zea mays. J Cell Sci. 2019;132:jcs221390.
[16] Aebi U, Cohn J, Buhle L, et al. The nuclear lamina is
a meshwork of intermediate-type filaments. Nature.
1986;323:560–564.
[17] Burke B, Stewart CL. The nuclear lamins: flexibility in
function. Nat Rev Mol Cell Biol. 2013;14:13–24.
[18] Beaudouin J, Gerlich D, Daigle N, et al. Nuclear envel-
ope breakdown proceeds by microtubule-induced tear-
ing of the lamina. Cell. 2002;108:83–96.
[19] Ciska M, MORENO DÍAZ DE, LA ESPINA S. The intri-
guing plant nuclear lamina. Front Plant Sci. 2014;5:166.
[20] Ellenberg J, Lippincott-Schwartz J. Dynamics and
mobility of nuclear envelope proteins in interphase
and mitotic cells revealed by green fluorescent protein
chimeras. Methods. 1999;19:362–372.
[21] Fiserova J, Goldberg MW. Relationships at the nuclear
envelope: lamins and nuclear pore complexes in ani-
mals and plants. Biochem Soc Trans. 2010;38:829–831.
[22] Wang H, Dittmer TA, Richards EJ. Arabidopsis
CROWDED NUCLEI (CRWN) proteins are required
for nuclear size control and heterochromatin
organization. BMC Plant Biol. 2013;13:200.
[23] Ciska M, Masuda K, MORENO DÍAZ DE, et al.
Lamin-like analogues in plants: the characterization of
NMCP1 in Allium cepa. J Exp Bot. 2013;64:1553–1564.
[24] Ciska M, MORENO DÍAZ DE, LA ESPINA S. NMCP/
LINC proteins: putative lamin analogs in plants? Plant
Signal Behav. 2013;8:e26669.
[25] Dittmer TA, Stacey NJ, Sugimoto-Shirasu K, et al.
LITTLE NUCLEI genes affecting nuclear morphology
in Arabidopsis thaliana. Plant Cell. 2007;19:2793–2803.
[26] Masuda K, Haruyama S, Fujino K. Assembly and dis-
assembly of the peripheral architecture of the plant cell
nucleus during mitosis. Planta. 1999;210:165–167.
[27] Masuda K, Xu ZJ, Takahashi S, et al. Peripheral frame-
work of carrot cell nucleus contains a novel protein
predicted to exhibit a long alpha-helical domain. Exp
Cell Res. 1997;232:173–181.
[28] Sakamoto Y, Takagi S. LITTLE NUCLEI 1 and 4 reg-
ulate nuclear morphology in Arabidopsis thaliana.
Plant Cell Physiol. 2013;54:622–633.
[29] Graumann K. Evidence for LINC1-SUN associations at
the plant nuclear periphery. PLOS ONE. 2014;9:
e93406.
[30] Goto C, Tamura K, Fukao Y, et al. The novel nuclear
envelope protein KAKU4 modulates nuclear morphol-
ogy in Arabidopsis. Plant Cell. 2014;26:2143–2155.
[31] Tamura K, Iwabuchi K, Fukao Y, et al. Myosin
XI-i links the nuclear membrane to the cytoskeleton
to control nuclear movement and shape in Arabidopsis.
Curr Biol. 2013;23:1–6.
[32] Groves NR, Biel AM, Newman-Griffis AH, et al.
Dynamic changes in plant nuclear organization in
response to environmental and developmental signals.
Plant Physiol. 2018;176:230–241.
[33] Iwabuchi K, Ohnishi H, Tamura K, et al.
ANGUSTIFOLIA regulates actin filament alignment
for nuclear positioning in leaves. Plant Physiol.
2018;179:234–247.
[34] Janski N, Masoud K, Batzenschlager M, et al. The
GCP3-interacting proteins GIP1 and GIP2 are required
for γ-tubulin complex protein localization, spindle
integrity, and chromosomal stability. Plant Cell.
2012;24:1171–1187.
[35] Batzenschlager M, Lermontova I, Schubert V, et al.
Arabidopsis MZT1 homologs GIP1 and GIP2 are
essential for centromere architecture. Proc Natl Acad
Sci USA. 2015;112:8656–8660.
[36] Hong Z, Geisler-Lee CJ, Zhang Z, et al. Phragmoplastin
dynamics: multiple forms, microtubule association and
64 M. PRADILLO ET AL.
their roles in cell plate formation in plants. Plant Mol
Biol. 2003;53:297–312.
[37] Evans DE, Shvedunova M, Graumann K. The nuclear
envelope in the plant cell cycle: structure, function and
regulation. Ann Bot. 2011;107:1111–1118.
[38] Guttinger S, Laurell E, Kutay U. Orchestrating nuclear
envelope disassembly and reassembly during mitosis.
Nat Rev Mol Cell Biol. 2009;10:178–191.
[39] Pichler A, Gast A, Seeler S, et al. The nucleoporin
RanBP2 has SUMO1 E3 ligase activity. Cell.
2002;108:109–120.
[40] Zhao Q, Brkljacic J, Meier I. Two distinct interacting
classes of nuclear envelope-associated coiled-coil pro-
teins are required for the tissue specific nuclear envel-
ope targeting of Arabidopsis RanGAP. Plant Cell.
2008;20:1639–1651.
[41] Xu XM, Zhao Q, Rodrigo-Peiris T, et al. RanGAP1 is
a continuous marker of the Arabidopsis cell division
plane. Proc Natl Acad Sci U S A. 2008;105:18637–18642.
[42] Graumann K, Evans DE. Nuclear envelope dynamics
during plant cell division suggest common mechan-
isms between kingdoms. Biochem J. 2011;435:
661–667.
[43] Evans DE, Irons SL, Graumann K, et al. The Plant Nuclear
Envelope. In: Meier I, editor. Functional Organisation of
the Plant Nucleus. Berlin: Springer. 2009;9–28.
[44] Molitor TP, Traktman P. Depletion of the protein
kinase VRK1 disrupts nuclear envelope morphology
and leads to BAF retention on mitotic chromosomes.
Mol Biol Cell. 2014;25:891–903.
[45] Francis D. The plant cell cycle − 15 years on. New
Phytol. 2007;174:261–278.
[46] Takatsuka H, Umeda-Hara C, Umeda M. Cyclin-
dependent kinase-activating kinases CDKD;1 and
CDKD;3 are essential for preserving mitotic activity
in Arabidopsis thaliana. Plant J. 2015;82:1004–1017.
[47] Menges M, DE JAGER SM, Gruissem W, et al. Global
analysis of the core cell cycle regulators of Arabidopsis
identifies novel genes, reveals multiple and highly spe-
cific profiles of expression and provides a coherent
model for plant cell cycle control. Plant J.
2005;41:546–566.
[48] Scofield S, Jones A, Murray JAH. The plant cell cycle in
context Preface. J Exp Bot. 2014;65:2557–2562.
[49] Gutierrez L, Bussell JD, Pacurar DI, et al. Phenotypic
plasticity of adventitious rooting in Arabidopsis is con-
trolled by complex regulation of AUXIN RESPONSE
FACTOR transcripts and microRNA abundance. Plant
Cell. 2009;21:3119–3132.
[50] Onischenko E, Stanton LH, Madrid AS, et al. Role of
the Ndc1 interaction network in yeast nuclear pore
complex assembly and maintenance. J Cell Biol.
2009;185:475–491.
[51] Champion L, Linder MI, Kutay U. Cellular reorganization
during mitotic entry. Trends Cell Biol. 2017;27:26–41.
[52] Chan J, Calder GM, Doonan JH, et al. EB1 reveals
mobile microtubule nucleation sites in Arabidopsis.
Nat Cell Biol. 2003;5:967–971.
[53] Dhonukshe P, Mathur J, Hulskamp M, et al.
Microtubule plus-ends reveal essential links between
intracellular polarization and localized modulation of
endocytosis during division-plane establishment in
plant cells. BMC Biol. 2005;14:3–11.
[54] Stoppin V, Lambert AM, Vantard M. Plant
microtubule-associated proteins (MAPs) affect micro-
tubule nucleation and growth at plant nuclei and mam-
malian centrosomes. Eur J Cell Biol. 1996;69:11–23.
[55] Binarova P, Cenklova V, Prochazkova J, et al. γ-
Tubulin is essential for acentrosomal microtubule
nucleation and coordination of late mitotic events in
Arabidopsis. Plant Cell. 2006;18:1199–1212.
[56] Nakamura M, Hashimoto T. A mutation in the
Arabidopsis gamma-tubulin-containing complex causes
helical growth and abnormal microtubule branching.
J Cell Sci. 2009;122:2208–2217.
[57] Pastuglia M, Azimzadeh J, Goussot M, et al. γ-
Tubulin is essential for microtubule organization
and development in Arabidopsis. Plant Cell.
2006;18:1412–1425.
[58] Kirik A, Ehrhardt DW, Kirik V. TONNEAU2/FASS
regulates the geometry of microtubule nucleation and
cortical array organization in interphase Arabidopsis
cells. Plant Cell. 2012;24:1158–1170.
[59] Rose A. Open mitosis: nuclear envelope dynamics. In:
Verma DPS, Hong Z, editors. Cell division control in
plants. Heidelberg: Springer-Verlag; 2007;207–230.
[60] Patel JT, Bottrill A, Prosser SL, et al. Mitotic phosphor-
ylation of SUN1 loosens its connection with the
nuclear lamina while the LINC complex remains
intact. Nucleus. 2014;5:462–473.
[61] Smoyer CJ, Jaspersen SL. Breaking down the wall: the
nuclear envelope during mitosis. Curr Opin Cell Biol.
2014;26:1–9.
[62] Harel A, Orjalo AV, Vincent T, et al. Removal of
a single pore subcomplex results in vertebrate nuclei
devoid of nuclear pores. Mol Cell. 2003;11:853–864.
[63] Xu XM, Rose A, Muthuswamy S, et al. NUCLEAR
PORE ANCHOR, the Arabidopsis homolog of Tpr/
Mlp1/Mlp2/megator, is involved in mRNA export and
SUMO homeostasis and affects diverse aspects of plant
development. Plant Cell. 2007c;19:1537–1548.
[64] Lee JY, Lee HS, Wi SJ, et al. Dual functions of
Nicotiana benthamiana Rae1 in interphase and
mitosis. Plant J. 2009;59:278–291.
[65] Kimura Y, Kuroda C, Masuda K. Differential nuclear
envelope assembly at the end of mitosis in
NUCLEUS 65
suspension-cultured Apium graveolens cells.
Chromosoma. 2010;119:195–204.
[66] Dixit R, Cyr RJ. Spatio-temporal relationship between
nuclear-envelope breakdown and preprophase band
disappearance in cultured tobacco cells. Protoplasma.
2002;219:116–121.
[67] Brandizzi F, Irons SL, Evans DE. The plant nuclear
envelope: new prospects for a poorly understood
structure. New Phytol. 2004;163:227–246.
[68] Rose A, Manikantan S, Schraegle SJ, et al. Genome-
wide identification of Arabidopsis coiled-coil proteins
and establishment of the ARABI-COIL database. Plant
Physiol. 2004;134:927–939.
[69] Oda Y, Fukuda H. Dynamics of Arabidopsis SUN
proteins during mitosis and their involvement in
nuclear shaping. Plant J. 2011;66:629–641.
[70] VAN DAMME D, Bouget FY, VAN POUCKE K, et al.
Molecular dissection of plant cytokinesis and phrag-
moplast structure: a survey of GFP-tagged proteins.
Plant J. 2004;40:386–398.
[71] Cheng YT, Germain H, Wiermer M, et al. Nuclear pore
complex component MOS7/Nup88 is required for innate
immunity and nuclear accumulation of defense regula-
tors in Arabidopsis. Plant Cell. 2009;21:2503–2516.
[72] Xu XM, Meulia T, Meier I. Anchorage of plant RanGAP
to the nuclear envelope involves novel nuclear-pore-
associated proteins. Curr Biol. 2007a;17:1157–1163.
[73] Lajoie D, Ullman KS. Coordinated events of nuclear
assembly. Curr Opin Cell Biol. 2017;46:39–45.
[74] OlmosY, Perdrix-Rosell A,Carlton JG.Membrane binding
by CHMP7 coordinates ESCRT-III-Dependent nuclear
envelope reformation. Curr Biol. 2016;26:2635–2641.
[75] Nemergut ME, Mizzen CA, Stukenberg T, et al.
Chromatin docking and exchange activity enhance-
ment of RCC1 by histones H2A and H2B. Science.
2001;292:1540–1543.
[76] Patel S, Rose A, Meulia T, et al. Arabidopsis
WPP-domain proteins are developmentally associated
with the nuclear envelope and promote cell division.
Plant Cell. 2004;16:3260–3273.
[77] Xu XM, Meulia T, Meier I. Anchorage of plant RanGAP
to the nuclear envelope nuclear-pore-associated involves
novel proteins. Curr Biol. 2007b;17:1157–1163.
[78] Tiang CL, He Y, Pawlowski WP. Chromosome organi-
zation and dynamics during interphase, mitosis, and
meiosis in plants. Plant Physiol. 2012;158:26–34.
[79] Armstrong SJ, Franklin FC, Jones GH. Nucleolus-
associated telomere clustering and pairing precede
meiotic chromosome synapsis in Arabidopsis thaliana.
J Cell Sci. 2001;114:4207–4217.
[80] Bass HW, Marshall WF, Sedat JW, et al. Telomeres cluster
de novo before the initiation of synapsis: A
three-dimensional spatial analysis of telomere positions
before and during meiotic prophase. J Cell Biol.
1997;137:5–18.
[81] Scherthan H. A bouquet makes ends meet. Nat Rev
Mol Cell Biol. 2001;2:621–627.
[82] Bass HW. Telomere dynamics unique to meiotic pro-
phase: formation and significance of the bouquet. Cell
Mol Life Sci. 2003;60:2319–2324.
[83] Harper L, Golubovskaya I, Cande WZ. A bouquet of
chromosomes. J Cell Sci. 2004;117:4025–4032.
[84] Martinez-Perez E, Shaw P, Reader S, et al. Homologous
chromosome pairing in wheat. J Cell Sci.
1999;112:1761–1769.
[85] Dong F, Jiang J. Non-Rabl patterns of centromere and
telomere distribution in the interphase nuclei of plant
cells. Chromosome Res. 1998;6:551–558.
[86] Zickler D, Kleckner N. Recombination, pairing, and
synapsis of homologs during meiosis. Cold Spring
Harb Perspect Biol. 2015;7:a016626.
[87] Horn HF, Kim DI, Wright GD, et al. A mammalian
KASH domain protein coupling meiotic chromosomes
to the cytoskeleton. J Cell Biol. 2013;202:1023–1039.
[88] Morimoto M, Boerkoel CF. The role of nuclear bodies in
gene expression and disease. Biology (Basel).
2013;2:976–1033.
[89] Sheehan MJ, Pawlowski WP. Live imaging of rapid chro-
mosomemovements inmeiotic prophase I inmaize. Proc
Natl Acad Sci U S A. 2009;106:20989–20994.
[90] Koszul R, Kleckner N. Dynamic chromosome move-
ments during meiosis: a way to eliminate unwanted
connections? Trends Cell Biol. 2009;19:716–724.
[91] Murphy SP, Bass HW. The maize (Zea mays) desynap-
tic (dy) mutation defines a pathway for meiotic chro-
mosome segregation, linking nuclear morphology,
telomere distribution and synapsis. J Cell Sci.
2012;125:3681–3690.
[92] Chikashige Y, Haraguchi T, Hiraoka Y. Another way to
move chromosomes. Chromosoma. 2007;116:497–505.
[93] Labella S, Woglar A, Jantsch V, et al. Polo kinases
establish links between meiotic chromosomes and
cytoskeletal forces essential for homolog pairing. Dev
Cell. 2011;21:948–958.
[94] Penkner AM, Fridkin A, Gloggnitzer J, et al. Meiotic
chromosome homology search involves modifications
of the nuclear envelope protein Matefin/SUN-1. Cell.
2009;139:920–933.
[95] Woglar A, Daryabeigi A, Adamo A, et al. Matefin/
SUN-1 phosphorylation is part of a surveillance
mechanism to coordinate chromosome synapsis and
recombination with meiotic progression and chromo-
some movement. PLoS Genet. 2013;9:e1003335.
[96] Zeng X, Li K, Yuan R, et al. Nuclear
envelope-associated chromosome dynamics during
meiotic prophase I. Front Cell Dev Biol. 2018;5:121.
66 M. PRADILLO ET AL.
